In order to reveal the aluminum (Al) stress tolerance mechanisms in alfalfa plant at low pH soil, a proteomic approach has been conducted. Alfalfa plants were exposed to Al stress for 5 days. The plant growth and total chlorophyll content are greatly affected by Al stress. The malondialdehyde (MDA) and H 2 O 2 contents were increased in a low amount but free proline and soluble sugar contents, and the DPPH-radical scavenging activity were highly increased. These results indicate that antioxidant activity (DPPH activity) and osmoprotectants (proline and sugar) may involve in ROS (H 2 O 2 ) homeostasis under Al stress. In proteomic analysis, over 500 protein spots were detected by 2-dimentional gel electrophoresis analysis. Total 17 Al stress-induced proteins were identified, of which 8 protein spots were up-regulated and 9 were down-regulated. The differential expression patterns of protein spots were selected and analyzed by the peptide mass fingerprinting (PMF) using MALDI-TOF MS analysis. Three protein spots corresponding to Rubisco were significantly down-regulated whereas peroxiredoxin and glutamine synthetase were up-regulated in response to Al stress. The different regulation patterns of identified proteins were involved in energy metabolism and antioxidant / ROS detoxification during Al stress in alfalfa. Taken together, these results provide new insight to understand the molecular mechanisms of alfalfa plant in terms of Al stress tolerance.
Ⅰ. INTRODUCTION
Aluminum (Al) is the third most abundant component that limits crop production on acid soils. Approximately 40% of world's total arable lands are acidic, and excessive Al containing soil may lose about 25~80% yield of various crop plants (Narasimhamoorthy et al., 2007) . In acidic soil, when pH drops below five (<5.0), Al 3+ is solubilized in to the soil which is extremely toxic to plant growth.
Therefore, Al toxicity is one of the most serious agricultural problems for sustainable crop production. Al toxicity limits water and mineral nutrient uptake; it has been reported (Kochian et al., 2004) , many potential sites are injured including cell wall, plasma membrane surface, the cytoskeleton, and the nucleus.
Proteomics is the most powerful tool that represents the study of the expression of all proteins in cells, organs or tissues (Wilkins et al., 1996) . It has several advantages over other mRNA-based approaches to study cellular processes at the molecular level. It has been applied to the field of crop abiotic stress-tolerance research for comparative analyses of different proteomes. Recent proteomic studies (Nunes-Nesi et al., 2014; Sha Valli Khan et al., 2014; Zheng et al., 2014) were conducted mostly on field based food crops but there have been few reports of forage legume proteome study under Al stress on acidic soil.
Stress response of alfalfa is important for model legume forage systems. Farmer's select the alfalfa due to high yielding forage quality and N 2 benefits for the soil.
However, alfalfa growth and development is greatly affected by soil acidity and Al toxicity. Therefore, it is imperative to identify genes or enzymes those are involved in Al stress response under Al stress on acidic soil. In this study, we carried out an integrated physiological and proteomic analysis of alfalfa plant response to Al stress. Plants were exposed to Al stress and potential changes were observed at physiological and molecular level. The chlorophyll content was measured according to Lichtenthaler (1987) . The MDA content of alfalfa leaf tissue was determined as described previously (Ezzine and Ghorbel, 2006) . The H 2 O 2 content was measured spectrophotometrically as described previously (Lin and Kao, 2001 ).
DPPH-radical scavenging activity
The DPPH (1,1-diphenyl-2-picrylhydrazyl) activity was measured by the method described earlier (Kang and Saltveit, 2001) . The DPPH was used as a substrate to evaluate anti-oxidative activity of leaf extract. For this, 0.5 g of grinded leaf sample was taken in a falcon tube and homogenized in 5 ml of absolute ethanol. The homogenate was centrifuged at 12,000 g for 15 min, then 0.5 ml supernatant was taken and mixed with 0.25 ml DPPH (0.5 mM) in 0.5 ml acetate buffer (100 mM, pH 5.5). The supernatant was kept in room temperature for 30 min, and then absorbance was measured at A 517 nm.
Analysis of free proline and soluble sugar
Free proline was estimated according to the method as described previously (Bates et al., 1973) . Briefly, 0.5 g leaf tissue was homogenized in 10 ml of 3% sulfosalicylic acid then the homogenate was filtrated. The filtrate (2 ml) was treated with 2 ml acid ninhydrin and 2 ml of glacial acetic acid, and then the reaction mixture was extracted with 4 ml toluene. The absorbance of the chromophore was measured at A 520 nm and compared to a toluene blank. The proline content was calculated using L-proline as a standard. Total soluble sugar content was measured according to previous method (Hansen and Moller, 1975) .
Protein extraction, 2-DE PAGE, in-gel digestion and MALDI-TOF MS analysis
Proteins were extracted with Mg/NP-40 buffer essentially following the method described earlier (Hurkman and Tanaka, 1986 ). The protein content was quantified according to Lowry method (Lowry et al., 1951) . Two-dimensional electrophoresis (2-DE) was performed as described previously (Lee et al., 2007) , and selected spots were excised from the representative CBB-stained gel. After tryptic digestion, peptides were extracted according to the protocol described previously (Lee et al., 2007) . Peptide samples were analyzed using a Voyager-DE STR MALDITOF mass spectrometer ProFound 'expectation value' of 5e-2 (i.e., P≤0.05) were chosen for protein identification.
Statistical analyses
The results of the physiological parameters and spot intensities were statistically analyzed using on analysis of variance (ANOVA) or Student's t-test. The values were considered significant at the P≤0.05 level. All data were
shown as means ± S.E. of at least three independent experiments. Ⅲ. RESULTS AND DISCUSSION
Effect of Al stress on alfalfa growth and chlorophyll content
The shoot length of non-treated (control) alfalfa plants were increased that was approximately 1.2 fold compared to Al-treated plant (Fig. 1A) . The total chlorophyll level was decreased in Al-treated plants that were about 0.8 fold relative to the control (Fig. 1B) Fig. 2A and B) . The MDA and H 2 O 2 accumulation were increased but not in considerable level, possibly this is due to the activation of detoxifying enzyme (peroxiredoxin; spot 27). As a consequence of our results, we checked the DPPH-radical scavenging activity that was about 2.0 fold higher compared to control plant (Fig. 2C ). High DPPH-activity is supported or an indication of ROS homeostasis in Al treated alfalfa plant. According to previous study (Kang and Saltveit, 2001 ), DPPH-activity was significantly increased in rice plant under chill and heat stresses that enhanced stress tolerance.
Osmoregulation due to Al stress
The free proline content in Al-treated alfalfa leaf was increased approximately double compared to control (Fig.   2D ). The accumulation of proline indicates that alfalfa seedling had the ability to regulate the osmotic under Al stress. The soluble sugar content was also increased in Al-treated plant compared to control (Fig. 2E) . Note, the proline content was parallel to the soluble sugar content.
Previous study (Liu et al., 2006) suggests that soluble sugar and proline contents were increased in herbaceous plants in response to Al stress. Thus, high accumulation of sugar and proline in alfalfa leaf play an important role in osmoregulation under Al stress in alfalfa.
2-D analysis of proteins
To investigate the Al stress response in alfalfa at molecular level, we analyzed the expression patterns of Al-responsive proteins using a proteomic approach. On CBB-stained 2-DE gels, over 500 protein spots were reproducibly detected. The representative 2-DE maps are presented ( Fig. 3A and B) . However, the expression levels of 48 proteins were altered by at least 1.5 fold after Al treatment. Among these, 17 proteins were identified by MALDI-TOF MS (Table 1) . Comparison of the differentially expression of proteins revealed that 8 proteins were up-regulated and 9 proteins were down-regulated (Fig. 4B ).
In the following section we discussed up-regulated and down-regulated proteins in the focus of previous molecular studies in various plant systems. Discussion on earlier studies with present results provides new insights of molecular mechanisms in alfalfa in response to Al stress.
Up-regulated proteins
In this study, peroxiredoxin (Fig. 4A, spot 27 ) was upregulated under Al stress. Peroxiredoxin (Prx) is involved in ubiquitous family that catalyzes the reduction of hydrogen peroxide (H 2 O 2 ). The up-regulation trend of Prx in response to Al stress indicated that it may protect oxidative injury of cell during stress conditions. Previous report (Vidigal et al., 2013) , suggests that Prx genes are induced highly by several abiotic stresses including salt, cold, drought and extreme temperature. However, the common role of Prxs is to protect plants from oxidative damage and subsequent cellular damage.
Glutamine synthetase (Fig. 4A , spot 41) identified as a leaf chloroplastic enzyme. It plays a major role in nitrogen metabolism that catalyzes glutamate and ammonia to form the amino acid glutamine. It has been recommended that the assimilation of nitrate or nitrite as amino acids may serve as an alternative electron acceptor to oxygen in disposing of reducing power generated by glycolysis (Weger and Turpin, 1989) . Along with the earlier evidence, upregulation of glutamine synthetase might play an essential role in Al stress by contributing to H + homeostasis and maintaining osmotic potential in leaf.
The FKBP type peptidyl-prolyl cis-trans isomerase (PPIases; spots 33, 36, 38) belongs to the cyclophilins proteins family. In plants, the PPIase catalyses the isomerization of the peptide bond between a proline and the peptide residue.
It has been evidenced that the cis-trans inter-conversion accelerated by PPIases is significant for the final protein structure (Dwivedi et al., 2003) . In sorghum, PPIase activity was induced significantly in by drought stress (Sharma and Singh, 2003 (Fig. 2B) . However, additional studies are needed to address the detail contribution of RCD1 the response to abiotic stress in plant system.
Down-regulated proteins
Nine proteins exhibited down-regulation patterns after exposure to Al stress (Fig. 4B , Table 1 ). In the present investigation, three proteins (spot 7, 17, and 22) corresponding to the large subunit of Rubisco was significantly downregulated in response to Al stress. Similar to our investigation, down-regulation of Rubisco was documented in reed plants under Cd stress (Pietrini et al., 2003) . This result suggests 
